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Abstract—Envelope tracking is one of the promising technolo-
gies for 5G power amplifiers, providing high power efficiency over
a wide output power range by modulating the supply voltage.
Although the baseband impedance, the output impedance of the
supply modulator, plays a crucial role in the linearity of the PA, it
is often not measured or considered during the modulator design.
This paper presents a new, simplified approach to characterising
this impedance using a PA with a simple multi-tone modulation as
a load. It describes the measurement setup and verifies the results
by characterising the baseband impedance of a state-of-the-art
buck converter and comparing this to its static model. The results
demonstrate that multi-tone signals and complex modulations
yield comparable results and are both suitable for measuring
and modelling the baseband impedance. This shows that using
simple multi-tone measurements and basic equipment, the full
static impedance characteristic can be obtained.
Index Terms—Power amplifiers, Envelope tracking, HEMT,
Broadband, Modulator, Characterisation.
I. INTRODUCTION
Modern wireless communication standards require power
amplifiers (PAs) that are efficient over a wide bandwidth and
a wide power range while maintaining high linearity. The
techniques used to achieve efficient operation with signals
of high peak-to-average-power-ratios (PAPR) include enve-
lope tracking (ET), Doherty, load-modulated balanced and
outphasing PAs [1]–[4]. In ET, the PA is maintained in a
high efficiency state by modulating its supply voltage with
a dynamic power supply (DPS). This allows the PA to be
designed primarily with broad band operation in mind as the
efficiency is ensured by the DPS; it does however move the
complexity towards the DPS. One critical parameter in ET is
the baseband impedance the DPS presents to the PA within
the modulation bandwidth, as it has a direct impact on the
linearity of the PA [5], [6]. In PAs using constant, static
supply voltages, the bias network can be designed to provide a
wideband short circuit over the baseband frequency range [6],
in ET PAs however, the bias network needs to allow baseband
frequencies to pass unhindered, to allow the modulation of
the supply voltage at those frequencies. The low impedance at
the baseband frequency therefore needs to be provided by the
supply modulator itself. Depending on the type of modulator,
the baseband impedance is a result of the output stage [7], the
output filter [8]–[10] or a combination of both [7]. Knowledge
of the baseband impedance is important in ET system design
as it informs the PA, system and modulator designers of
the distortion that will be introduced by the modulator. This
enables judging whether the system work as it is, need
additional pre-distortion or a redesign of the modulator. One
way of characterising the baseband impedance is presented
in literature [7], and uses a PA excited with Schroeder 2K-
tone complex modulation, albeit with no verification of the
measurements and no presented phase information, preventing
the measured data from being used to model the modulator.
In terms of the structure of this paper, section II describes
the measurement approach and section III demonstrates mea-
surements on a buck-converter as a case study.
II. MEASUREMENT SETUP
This technique follows the approach presented in [7] and
exploits the fact that a current drawn will reveal the impedance
by inducing a voltage drop. A constant voltage is supplied by
the DUT, here the supply modulator, to a load, resulting in
a current flow. If the load draws a time varying current, it
will generate a time varying voltage drop over the baseband
impedance presented by the modulator which can be measured.
In the case of the modulator for an ET system, the obvious
time varying load to use is the power amplifier it is supplying,
as the current of a PA is easily varied. Importantly, the
baseband impedance presented by the bias network of the PA
needs to be suitable for this measurement, i.e. terminating only
the RF and presenting a through at the baseband frequencies.
The schematic in Fig. 1(a) shows that for this measurement,
any element to the right of the voltage probe has no impact
on the ratio of voltage and current. It will however reduce
the magnitude of the current and thus the voltage generated
and, with it, the sensitivity of the measurement. The sensi-
tivity of the measurement also depends on the sensitivity of
Current 
Probe
Output Filter Transistor
PA at IF frequencies
Voltage 
Probe
Modulator Cables, Connectors, …
Rm R
C C
C
RCf
Lf
Vm
+
I
V
(a)
V
I
Supply 
Modulator
P
X
I 
C
h
as
si
s
V
S
T V
S
G
V
S
A
Scope
FPGA
DC Supply
PA
RF Load
I
V
PDC
Modulated Signal
(b)
Fig. 1. (a) Equivalent circuit of the measurement setup and (b) Schematic of
the measurement setup.
the oscilloscope and the frequency responses of voltage and
current probe. This technique allows the characterisation of
the behaviour of baseband impedance over a wide frequency
range. To achieve this, the current drawn by the PA needs to
cover the frequency range of interest. There are a number of
approaches that allow this, for example, the PA can be operated
with a chirped amplitude modulation (AM), where the modu-
lation frequency is swept over the required bandwidth, with the
desired frequency resolution. Alternatively, the simple chirped
AM can be replaced with a communications signal such as
WCDMA or LTE, allowing the baseband impedance to be
measured over the bandwidth of that signal. Another approach
was presented in [7], using an amplitude and phase modulated
Schroeder 2K-tone modulation. A third option is using multi-
tone signals to modulate the PA. This has the advantage that
it is easy to generate using widely available equipment, it
additionally scales well as the modulation frequency can be
easily adapted to cover a specific frequency range.
III. MEASUREMENTS
To test how the different modulation standards compare in
terms of measurement accuracy, a bespoke supply modulator
for envelope tracking applications is characterised. This is
a state-of-the-art buck-converter with a switching frequency
of 75 MHz, and an output filter designed to accommodate a
modulation bandwidth of 2 MHz. The modulator is controlled
by a FPGA located in a NI PXI chassis, as shown in Fig. 1(b).
Using a 400 MHz 14 bit oscilloscope, a voltage probe, and
a current probe with bandwidths exceeding 100 MHz, the
voltage and the current are measured between the PA and
modulator. A 2.9 GHz PA biased in class AB with a quiescent
current of 200 mA is excited with four different modulated
signals; a 2-tone with 1 MHz separation, a five-tone with
1 MHz separation between tones, and two pre-configured com-
munication signals to cover different modulation bandwidths,
a 20 MHz LTE signal and a 40 MHz WCDMA signal. The
measurement results in Fig. 2(a) demonstrate the time varying
current drawn by the PA in response to the two-tone signal.
The measured voltage, constant at 15 V when the PA is not
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Fig. 2. Measured voltage and current between PA and modulator with a
supply voltage of 15 V and a two tone excitation (a) in the time domain and
(b) in the frequency domain
excited, now also varies in response to the modulation. Inter-
estingly, the voltage and current waveforms look differently,
which shows that the magnitude ratio and the phase shift
between voltage and current change with frequency. Fig. 2(b)
shows that the voltage to current ratio changes significantly
with frequency and that the harmonic frequency components
stay significantly above the noise floor for frequencies much
higher than the modulation frequency of 1 MHz. The measured
voltage becomes too small to measure above 17 MHz while the
current components are measurable up to 10 MHz, resulting in
an overall characterisation bandwidth of 10 times the modula-
tion frequency. By dividing voltage by current in the frequency
domain, the baseband impedance in the frequency domain can
be obtained at the modulation frequency and its harmonics, as
shown in Fig. 3(a). The magnitude of the baseband impedance
can be seen to increase with frequency, as expected for the
output filter of the modulator. As the voltage and current
spectra in Fig. 2(b) get close to the noise floor as the frequency
passes 10 MHz, the magnitude and phase of the baseband
impedance become erratic as even if the signal stays 20 dB
above the noise floor, the voltage or current measurement can
still end up with a random error of up to 10%. The same
measurement and analysis procedure is repeated for the other
types of modulation, resulting in the baseband impedance in
Fig. 3(a). The five-tone modulation occupies a bandwidth of
4 MHz and allows characterisation up to around 24 MHz,
above which the phase measurements become erratic. The
realistic modulations, LTE and WCDMA, use the full spectrum
instead of discrete tones, resulting in a continuous baseband
impedance measurement result up to around 40 MHz, despite
their difference in modulation frequency, see Fig. 3(a). The
measurements show that the baseband impedances acquired
using the different types of modulation show good agreement,
with the aforementioned limitations in frequency. This shows
that it is unnecessary to use complex or specially crafted
modulation signals to characterise baseband impedances.
As verification of the characterisation, the measurement
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Fig. 3. Measured baseband impedance at 15 V using different types of
modulation and (b) comparison of modelled (red, solid line, dotted for
extrapolated values) and measured (green circles) baseband impedance
results are compared with an equivalent-circuit model of the
same modulator, comprising the modulator itself, represented
by an average value voltage source Vm = 15 V and a
resistor Rm = 5.7 Ω, and the output filter with a Coilcraft
1812PS102 inductor and a capacitor array consisting of one
120 pF KEMET C0603C121J5G and two 22 pF KEMET
C0603C220J5G, as shown in Fig. 1(a), using manufacturer
provided s-parameters for the filter components. Fig. 3(b)
compares the results of the 5-tone measurement with the model
of the baseband impedance, showing very good agreement.
Using a buck-converter as a DUT for this case study has
the advantage of providing a relatively simple way to verify
measurements as its static impedance can be modelled using
a simple circuit. Once the output voltage of a buck converter
changes however, so does its baseband impedance. Since the
filter response stays constant, this change can be attributed to
the real part of the baseband impedance, as shown in Fig. 4.
These static measurements can provide the data necessary to
model the converter, possibly even more relevant in other
converter types that are harder to simulate and model, e.g. in
hybrid modulators that comprise interacting buck-converters
and linear amplifiers [7].
IV. CONCLUSION
This paper discussed a way of measuring the baseband
impedance of a supply modulator using a PA and a modulated
signal. A realisation of the approach has been used to measure
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Fig. 4. Measured real part of the baseband impedance at different supply
voltages using a WCDMA signal
a buck-converter and has shown that different types of mod-
ulation, lead to comparable results and were able to measure
the baseband impedance in a single measurement. Both ap-
proaches yield the data necessary to evaluate and model static
magnitude and phase of the complex baseband impedance of
a modulator, showing good agreement with the static model.
The measurement also shows how the baseband impedance
depends on the output voltage and emphasizes the value of
such comprehensive, multi-dimensional measurements, cov-
ering a wide frequency and output voltage range. Another
important result of this paper is that these measurements can
be conducted with complex measurement systems as well as
with simple signal generators, with comparable results.
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